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PG-GATED DATA RETENTION TECHNIQUE
FOR REDUCING LEAKAGE IN MEMORY
CELLS

TECHNICAL FIELD

This invention relates generally to digital chips and more
particularly to reducing leakage power dissipation.

OVERVIEW

Designers of VLSI (very-large-scale integration) circuits,
including SRAM (static random access memory) and other
memory cells, desire to limit subthreshold and gate tunneling
leakage currents. Reducing these currents can help to mini-
mize the leakage power consumption in these circuits. Some
techniques use a footer sleep transistor to disconnect, for
example, a memory cell from the ground. Other techniques
may use a header sleep transistor to disconnect the cell from
the power supply. Existing technologies, however, have not
specifically designed external voltages applied to the memory
cell and/or the physical characteristics of the sleep transistors
to minimize leakage.

SUMMARY OF EXAMPLE EMBODIMENTS

In one embodiment, a method of forming a memory cell
comprises coupling a first transistor between a supply rail of
the memory cell and a node operable to accept a supply
voltage. The method also comprises coupling a second tran-
sistor between a ground rail of the cell and a node operable to
accept a ground. According to one embodiment of this
method, at least one of the first and second transistors is
formed to have a channel width or length, a threshold voltage,
or a gate oxide thickness selected to minimize a total leakage
current in the cell. In another embodiment of this method, one
or more external voltages can be applied to the supply rail
and/or the ground rail, wherein the external voltages are
selected to minimize leakage current in the cell.

In another embodiment, a PG-gated memory cell com-
prises a first transistor coupled between a supply voltage and
a supply rail of the cell, and a second transistor coupled
between a ground and a ground rail of the cell. A virtual
supply voltage resides at the supply rail and a virtual ground
voltage resides at the ground rail. A value of a voltage differ-
ence between the supply rail and the ground rail is estab-
lished, wherein the voltage difference is equal to a difference
between the virtual supply voltage and the virtual ground
voltage. Values of the virtual ground voltage and the virtual
supply voltage are determined such that a total leakage cur-
rent for the cell is minimized. In one particular embodiment,
at least one of a channel width or length, a threshold voltage,
or a gate oxide thickness of the first or the second transistor is
determined, based at least in part on the determined values of
the virtual supply voltage and the virtual ground voltage. In
another embodiment, values of external voltages applied to
the supply rail and the ground rail may be selected to mini-
mize leakage for a given sleep transistor design.

In yet another embodiment, a PG-gated memory cell com-
prises a first sleep transistor coupled between a supply rail of
amemory cell and a node operable to accept a supply voltage.
A second sleep transistor is coupled between a ground rail of
the cell and a node operable to accept a ground. In one
embodiment, at least one of the first and the second sleep
transistors comprises a channel width or length, a threshold
voltage, or a gate oxide thickness selected to minimize a total
leakage current in the cell. In another embodiment, a first

20

25

30

35

40

45

50

55

60

65

2

external voltage is selectively applied to the supply rail and a
second external voltage is selectively applied to the ground
rail, wherein the first and second external voltages are
selected to minimize the leakage current of the memory cell.

Depending on the specific features implemented, particu-
lar embodiments of the present invention may exhibit some,
none, or all of the following technical advantages. For
example, various embodiments may be capable of minimiz-
ing the current leakage of the memory cell subject to a hold
static noise margin constraint. Some embodiments may be
able to reduce power consumption compared to designs that
use only one of a header or footer sleep transistor. Other
embodiments may be capable of reducing the standard devia-
tion of the leakage power consumption, or may have a lower
sensitivity to temperature variations compared to previous
designs.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclo-
sure and potential advantages of various example embodi-
ments, reference is now made to the following description,
taken in conjunction with the accompanying drawings, in
which:

FIG. 1 illustrates a PG-gated memory cell, in this example
an SRAM cell, which uses both an NMOS and a PMOS sleep
transistor, as well as a first and a second external voltage
selectively applied to minimize leakage current in the circuit.

FIG. 2 illustrates a PG-gated memory cell, in this example
an SRAM cell, which uses both an NMOS and a PMOS sleep
transistor, at least one of which has one or more design char-
acteristics selected to minimize leakage current in the cell.

FIG. 3 illustrates the components of an example SRAM
cell and the major leakage components when the cell is stor-
ing a logic 0.

FIG. 4 shows an example of a reduction in leakage varia-
tion of PG-gated cells as a function of chip temperature.

FIG. 5 illustrates an example of a feedback system oper-
able to monitor various characteristics of the cell, make cal-
culations, and adjust the values of the external voltages.

FIG. 6 is a flowchart illustrating one example of a method
of forming a PG-gated SRAM cell using the characteristics of
at least one of the sleep transistors.

FIG. 7a shows example cell leakage current reduction of a
PG-gated SRAM cell compared to a gated-ground cell; FIG.
7b shows example cell leakage current reduction of a PG-
gated SRAM cell compared to a gated-power supply cell.

FIG. 8a shows example power reduction of a PG-gated
SRAM cell compared to a gated-ground cell; FIG. 85 shows
example power reduction of a PG-gated SRAM cell com-
pared to a gated-power supply cell.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

FIG. 1 shows an example of a PG-gated cell structure 10
having external voltages V and V 5, which can be selectively
applied to a cell 10 to minimize leakage current in the circuit.
In this example, cell structure 10 includes a memory cell 12.
Although this embodiment uses a cell as an example of cir-
cuitry for which leakage current is to be minimized, other
circuit structures could replace or augment cell 12 consistent
with this disclosure. For example, other memory cells such as
flip flops, latches, or other memory structures could replace
and/or augment cell 12 consistent with this disclosure.

In this particular embodiment, memory cell 12 resides
between a ground rail 14 and a supply rail 18. Ground rail 14
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couples to a ground 16, and supply rail couples to a supply
voltage V. Throughout this disclosure, the term “couple”
refers to a direct or indirect communication between two or
more elements said to be “coupled” to one another. Ground 16
may be an actual ground, or may be a voltage selected relative
to supply voltage V5. In any event, there exists a voltage
differential between supply voltage V,, and ground 16.

In this example, a sleep transistor M7 couples between cell
12 and ground 16, such that a virtual ground voltage V 5, r,
exists at a virtual ground node 15 between cell 12 and sleep
transistor M7. Sleep transistor M7 may comprise, for
example, an NMOS transistor. Also in this embodiment, a
sleep transistor M8 couples between cell 12 and supply volt-
age V5, such that a virtual supply voltage V¢, exists at a
virtual supply node 17 between sleep transistor M8 and
SRAM cell 12. Sleep transistor M8 may comprise, for
example, a PMOS transistor.

In this embodiment, a strapping transistor M9 couples
between the virtual ground node 15 and an external supply
voltage V ;. When turned on, strapping transistor M9 sets the
virtual voltageV ., at virtual ground node 15 approximately
equal to V. The example shown in FIG. 1 further includes a
strapping transistor M10 coupled between virtual supply
node 17 and an external supply voltage V. When turned on,
strapping transistor M10 sets the virtual supply voltage Vg, »
at virtual supply node 17 approximately equal to the voltage
Vp.

In this example, an address decoder SLP couples to sleep-
ing transistor M7 and strapping transistor M10. Similarly an
address decoder SLP couples to sleeping transistor M8 and
strapping transistor M9. Address decoders SLP and SLP can
be used to control the read or write operations of the cell.

Given this circuit configuration, there exists a voltage dif-
ference between Vg, and V ;5 (and, accordingly between
V,andV ;, where these external voltages are used) that can be
represented by a quantity AV. Having a smaller AV in the
standby mode can result in lower leakage current for the cell.
However, this also makes the cell more susceptible to noise.
The hold static noise margin (SNM) on the SRAM cell is a
function of this voltage difference. Typical SRAM cells (and
other cells) will generally have values of AV desired for their
operation. The embodiment shown in FIG. 1 accepts as a
starting point a given value of AV desired for the cell’s opera-
tion. Given this value, values for Vg, »and V 5, (and accord-
ingly for V, and V5, where these external voltages are used)
are determined, which result in reduction or minimization of
leakage current for the cell. Particular example techniques for
making these determinations are discussed further below.

FIG. 2 shows a PG-gated cell structure 110 using sleep
transistors M7 and M8, which have been designed to mini-
mize leakage current in the circuit. Cell structure 110 is
similar in structure and operation to memory cell 10 shown in
FIG. 1, but eliminates strapping transistors M9 and M10 as
well as external voltages V ; and V.. To determine the design
characteristics of sleep transistors M7 and M8 in this embodi-
ment, as a particular example, after determining values of the
virtual ground V g, and virtual supply V.- voltages for a
given voltage differential AV, the technique described in this
disclosure specifies one or more design characteristics of one
or more of sleep transistors M7 and M8, that will correspond
to the particular values of the determined virtual ground
V., and/or virtual supply Vg voltages. For example, the
channel widths of the sleep transistors and/or the threshold
voltages of the sleep transistors can be selected according to
the determined values of the virtual ground V., and/or
virtual supply Vg, » voltages. In this manner, design charac-
teristics of the sleep transistors in a PG gated cell (in addition
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to, or instead of the selection of external voltages V;and V)
can be selected so as to minimize leakage current in the cell.
In a particular embodiment, strapping transistors M9 and
M10 and external voltages V; and V, (shown in FIG. 1, but
eliminated in FIG. 2) can be eliminated. In that embodiment,
the design characteristics of the sleep transistors M7 and M8
can be used as the primary control for leakage current in the
memory cell 110. In yet another embodiment, selection of
external voltages V ; and/or V as well as design characteris-
tics of the sleep transistors can be used to control leakage
current.

To further illustrate specific examples of techniques for
determining external voltages V ; and V and/or design char-
acteristics of sleep transistors M7 and M8, FIG. 3 shows
major leakage components of an example SRAM cell when it
is storing a logic “0.” This particular SRAM cell is comprised
of six transistors. Four transistors, M1, M2, M3, and M4 are
used as two cross-coupled inverters to hold the value of the
bit, and two pass transistors M5 and M6 are the gateways of
the SRAM for the read and write operations. While the pull-
up PMOS transistors (M3 and M4) participate in the write
operation, the pull-down NMOS transistors (M1 and M2)
contribute in both read and write operations. Other SRAM
cell (or other memory cell) designs could alternatively be
used.

For analysis, we can assume that the left node 50 of the cell
shown in FIG. 3 holds logic “0” while the right node 52 holds
logic “1.” Therefore, one can see that when the cell is not
written or read, i.e., it is in the standby mode, the main
components of leakage consumption in the SRAM cell are the
currents shown in FIG. 3: (1) the bit-line (BL ) and bit-line-bar
(BLB) subthreshold leakage through the pass transistors M5
and M6 (I, and I, .); (2) the subthreshold leakage of the
OFF NMOS transistor M2 and the OFF PMOS transistor M3
insidethecell (1,,,,and]_,,;); and (3) and the gate-to-channel
tunneling current of the ON transistors M1 and M4 (I, L,
Ligas Liga-). The total leakage current of the cell can be
expressed as the summation of the above components:

I ear=LamoHamsHamsHoupsHgarHga Hlagat sga

As indicated above, for a desired value of AV, there are
values for Vand V ; for which the leakage power dissipation
of'the cell is at a minimum. This example assumes the use of
voltages V, and V ;. Alternatively, if these external voltages
arenotused, the values Vg, - and V 5, can be substituted into
the following equations. For example, for each value of AV,
particular values of V, and V can be found by minimizing
the total leakage current of the cell. Minimizing this quantity
results in the minimum leakage SRAM cell.

The problem of minimizing the leakage power consump-
tion of the PG-gated SRAM cell can be expressed as:

min  Peu(Vp, Vi)
s

Vp— Vg = AV

Since the difference of V, and V is constant, to solve this
problem the objective function can be expressed as the uncon-
strained minimization of P, ;(Vs+AV,V;). This problem
can be solved, for example, by using unconstrained optimi-
zation techniques, such as the Newton-Raphson technique.
As another example, the values of V, and V can be deter-
mined by simulating the circuit for different values of V, and
V and finding the leakage using software, such as PSPICE.
These techniques can identify values of V, and V ; that mini-
mize P_,;, the power consumption of the cell.
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This analysis could consider the leakage currents of the
additional circuitry used to create V, and V; as well. Other
embodiments can accurately model the leakage power con-
sumption of the PG-gated cell architecture while properly
accounting for these factors. Certain embodiments can also
account for the non-ideal efficiency of the DC-DC converters,
which can be used to generate V, and V5 from V..

As a specific example of this type of modeling, the total
leakage power consumption of a PG-gated SRAM cell in the
standby mode can be expressed as:

LVe  IoVg
Peett = ——

dp d¢

+1gaVaa

where 3, and d; are the efficiency of the DC-DC converters
used to generate V and V ; from V ;, respectively.

The total leakage current of the cell, which is a function of
both V, and V5, can be written as:

4

Icety = Usupz + Isups + Isups + Lsups) + Uags + Lsgs + lugs + Ligs) + Z Leate,i
i1

For any desired value of AV, optimal values of V, and V5
can be found by minimizing the 1., equation subject to
Vp=Vs=AV.

The equation for I, includes factors that represent the
leakage currents. The leakage current of a very deep submi-
cron CMOS transistor consists of three components: (1) junc-
tion tunneling current, (2) subthreshold current, and (3) gate
tunneling current. In present technologies the junction tun-
neling leakage is a minimal contributor to the total leakage
current, so most analyses can concentrate on the subthreshold
and gate tunneling leakage only. Subthreshold leakage is the
drain-to-source current of a transistor when the gate-source
voltage is less than the threshold voltage and the transistor is
operating in the weak inversion region. Subthreshold leakage
can be modeled as:

Tos = Amb( w eq(Vgvarofy/VSbH]VdS)/n/kT(l — e VashT)
Lefr

whereA_,,,=11,C, (kT/q)%e' %, n, is the zero bias mobility, C,
is the gate oxide capacitance per unit area, W and L_denote
the width and effective length of the transistor, k is the Bolt-
zmann constant, T is the absolute temperature, and q is the
electrical charge of an electron. In addition, V,, is the zero
biased threshold voltage, y' is the linearized body-effect coef-
ficient, 1) denotes the drain-induced barrier lowering (DIBL)
coefficient, and n' is the subthreshold swing coefficient of the
transistor.

The gate tunneling current is composed of three major
components: (1) gate-to-source and gate-to-drain overlap
current, (2) gate-to-channel current, part of which goes to the
source and the rest goes to the drain, and (3) gate-to-substrate
current. In bulk CMOS technology, the gate-to-substrate
leakage current is several orders of magnitude lower than the
overlap tunneling and gate-to-channel current. While the
overlap tunneling current dominates the gate leakage in the
OFF state, gate-to-channel tunneling dictates the gate current
in the ON state. Since the gate to source and gate to drain
overlap regions are much smaller than the channel region, the
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gate tunneling current in the OFF state is much smaller than
the gate tunneling in the ON state. Based on this analysis, one
can see that a major source of gate tunneling leakage in
CMOS circuits is the gate-to-channel tunneling current of the
ON transistors, which can be modeled as:

1,
_plox
Vox

where A, =WL_/A . In these expressions, W and L_;denote
the width and eftective length of the transistor, A_ and B are
constants, t,_ is the oxide thickness, and V__ is the voltage
potential on the gate oxide.

Minimizing the I -, equation results in the minimum leak-
age SRAM cell, but that analysis does not consider the leak-
age currents of the additional circuitry. Other embodiments
can accurately model the leakage power consumption of the
PG-gated cell architecture while properly accounting for
these factors. As mentioned above, certain embodiments can
also account for the non-ideal efficiency of the DC-DC con-
verters that can be used to generate V; and V, from V ;.. One
way to do this is to start by deriving the current drawn from
each power supply. By utilizing Kirchhotf’s Current Law, the
current flow from the source to drain of strapping transistor
M10 in FIG. 1 can be derived. The current drawn from the
virtual supply node V is simply [,=_,o+1,, 0. Similarly, at
the virtual ground node V the current flow from drain to
source of strapping transistor M9 can be derived. The current
from this node is 15=1,o+1 .- The current drawn from V ,,
can be expressed as:

L= lpstgast pst gostlpetlige

Using some or all of the above equations, the uncon-
strained minimization of P, (V +AV,V) can now be
solved for values of V, and V5 (or alternatively, for values of
Ve and V ;,5). Alternatively, or in addition, the channel
width or the threshold voltage or both of the first or the second
sleep transistor can be determined for specified values of
V., and Vg, based at least in part on these values, to
minimize current leakage.

Certain embodiments can also account for random process
or intra-die variations. A significant intra-die variation in
memory cells is the threshold voltage variation due to random
dopant fluctuation (RDF). In the presence of RDF, the thresh-
old voltage of the memory cell transistors can be modeled as
independent Gaussian random variables where the standard
deviation of each transistor depends on its length and width as
well as the manufacturing process. In other words:

Wiin Linin
wL

0 = Opin

where o is the standard deviation of the threshold voltage of
atransistor with the channel length and width of L and W, and
O, 1s the standard deviation of the threshold voltage for the
minimum sized transistor.

In one embodiment, to study the effect of the process
variation on PG-gated and G-gated SRAM cells the threshold
voltage of each transistor can be modeled as independent
Gaussian random variables whose standard deviation is
obtained from the equation for o above. Simulations such as
a Monte Carlo simulation can then be performed to study this
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effect. Using these concepts, memory cells can be designed to
minimize leakage variation of PG gated cells.
The power dissipation of the PG-gated SRAM cell can be
expressed as:

Ve IoVe
Peett = ——

5p | dc

+ 1aaVaa

In the following it is shown how to minimize the mean of
the leakage power considering process variation. We consider
three sources of variations: the variation in the number of
dopants in the channel N, (also known as random dopant
fluctuation), the variation in the line width L, and the variation
in the oxide thickness T . These sources of variations are
considered to be independent of each other and each distri-
bution is assumed to be Gaussian.

To minimize the power consumption under these sources
of variations, we assume that the V, 1., and the efficiencies
of'the DC-DC converters are fixed and do not change with the
process variation; hence, the mean of the leakage of the cell
can be expressed as:

Vo

Vp
ElPoet] = — 5

op Ellp] +

Ellg] + VaaEllaa]

where E[x] is the mean of the random variable x. To obtain the
mean of the leakage power consumption, it is enough to
calculate E[1,], E[15], and E[1,]. In the following we show
how to compute E[I_,]. Similar procedures can be used to
obtain E[1,] and E[15]. 1, can be expressed as:

Lig=LapstHgastsupstlagstlametlags
So,

Efl) ~ElTeps/VELsup6l VEl T/ VE L jgs]+E 1306/ +
Eflyzs]

Noticing the fact that the variationinN_4 L, and T, change
both sub-threshold and gate-tunneling leakage currents, in
the following we show how to calculate the mean of these
leakage components.

First, notice that threshold voltage is related to these
sources of variations with the following equations,

Vi = Vo + @50 — [2(Vii — dso) + Vislle e + 27 +

YV $s0 = Vs (1 - %Xd) + Ve

2eg;
($so — Vis) »
quj]'
| 2qesiNeggr Vi oy ln(Ndeejf]
LR s T

Tox - .
Vice = 31 (@50 = 20V = ps0) + Vas]le He 4 0g7tie]),

&5 KT
—Xa,Vvr=—
Eox q

N,
$s0 = Zvrlﬂ( el ], Xa =

i
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20

25

30

35

40

45

50

55

60

65

8

By linearly approximating the threshold voltage around the
nominal values of N L, T, it can be written as:

ox?

av, ov.
N a7, et

= Qo ANgg + a7, AT, + @ AL

av,

VilNeg > Tox, L) =1y, + L

ANgﬁ‘ + AL

where

v = Vil M- 1)
Recalling the formula for sub-threshold leakage as:

Lup(Negr» Tox, L) =

£0

w
Ho Ve exp(g(Ves = V) [WKT)(L = exp(=gV,yg /KT))

ngf

it can be seen that mean of the sub-threshold leakage in the
presence of process variation can be obtained from,

Ellgw] = MOSOWv%el'snv’E[exp(—w,veﬁ, ANEﬁcq/n’kT)] X

1 1
E[T—exp(—wrox ATOXq/n’kT)] X E[Zexp(—wLALq/n’kT)

The remaining step is to calculate the expected values in
the right hand side of the E[1,,,,] equation above. This can be
done by using Taylor series around the mean of the corre-
sponding random variable. By recalling that the variations in
N_» L, and T, are Gaussian, odd moments of the distribu-
tions of each random variable are zero; hence, any function f
of'such a random variable x can be approximated as:

18%f
ESWI=fo+ 55| o

where 1, and o, are the mean and standard deviation of the
random variable x.

By using the E[f(x)] equation, the mean of the sub-thresh-
old leakage can be calculated as a function of V; and V.

A similar procedure can be used to calculate the expected
value of gate-tunneling leakage I, (N ;T,,,L) under pro-
cess variation.

Having calculated the mean of each leakage component,
the mean of 1, can be found as a function of V,and V. The
mean of I, and I; can be found similarly. Having had E[1,],
E[15], and E[1 ], the mean of leakage power consumption of
the cell, as a function of V, and V5, can be obtained by using
the E[P_,,]| equation; hence, the optimization problem to
minimize the mean of the leakage of the cell becomes:

{ min  Peu(Vp, Va)

st Vp=Vg = AV

which can be efficiently solved by using, for example, the
Newton-Raphson technique.
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The threshold voltage of a transistor is reduced with an
increase in temperature, resulting in an exponential increase
in the subthreshold leakage currents. Simulations can be per-
formed to study the effect of temperature on SRAM gated
cells. The results of one such simulation are shown in FIG. 4.
FIG. 4 shows the leakage power as a function of temperature
for a PG-gated and a G-gated cell. The PG-gated cell has
much lower sensitivity to temperature variations compared to
the G-gated cell. Using these concepts, memory cells can be
designed to minimize leakage variation of PG-gated cells in
light of chip temperatures.

Here it is assumed that the temperature variation follows a
uniform distribution, having maximum value of T,,,, and
minimum value of T,,,,. To optimize the power consumption
of'the PG-gated memory cell under temperature variation, we
choose to minimize the expected value of leakage under tem-
perature variation. Variation in the temperature changes the
threshold voltage and results in altering the leakage currents.

To obtain the mean of subthreshold current under tempera-
ture variation, we use the Taylor series around the mean of
temperature, resulting in:

O lsw
T |nr

N +1az1mb o
TR |, T

Ellaw(D] ~ lup(r) +

A similar formula can be written for the expected value of
gate-tunneling leakage under temperature variation.

Having had the equations for subthreshold and gate-tun-
neling leakage, the expected values of I, 1., and I; can be
calculated, and by using the E[P_ ;] equation above the
expected value of total leakage power dissipation can be
obtained as a function of V5 and V. By solving the E[P_,,
(Vp, V)] minimization shown above, the leakage power
consumption of a PG-gated memory cell can be optimized
under temperature variations.

In some embodiments, the values of the virtual supply
voltage V. »and the virtual ground voltage V 5, (and/or the
values of the external voltages V, or V) can be varied
dynamically during operation of the cell. This can be per-
formed, for example, to continue to minimize leakage despite
fluctuations in the operational characteristics of the cell. FIG.
5 shows and example configuration where a feedback system
212 could measure various operational characteristics of a
cell 210 during operation, calculate the effects of changes or
fluctuations of those characteristics on the cell, and adjust
values of external voltages V 5 and/or V to account for these
changes.

FIG. 6 is a flowchart illustrating one example of a method
of forming a PG-gated cell by selecting one or more design
characteristics of at least one of the sleep transistors M7 and
M8 to minimize leakage current in the circuit. The method
300 begins at step 310 where a desired value of a voltage
difference between the supply rail 18 and the ground rail 14 is
identified. The voltage difference AV is equal to the differ-
ence between the virtual supply 17 and the virtual ground
voltage 15. At step 320, values of the virtual supply voltage 17
and the virtual ground voltage 15 are determined such that a
total leakage current I, . for the cell is minimized. In some
embodiments this may be done, for example, using regular
unconstrained optimization techniques, such as the Newton-
Raphson technique. As another example, the voltage values
can be determined using circuit modeling software, such as
PSPICE. In particular embodiments, the method may further
comprise selectively applying a first external voltage to the
supply rail of the cell, wherein the first external voltage equals
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the desired value of the virtual supply voltage selected to
minimize leakage current in the cell. A second external volt-
age may be applied to the ground rail of the cell, wherein the
second external voltage equals the desired value of the virtual
ground voltage selected to minimize leakage current in the
cell. In another optional embodiment, at step 330, at least one
characteristic of one or more of the sleep transistors M7
and/or M8 can be determined through its relationship to a
particular virtual ground voltage 15 and/or virtual supply
voltage 17 of the cell. As specific non-limiting examples, this
may involve determination of a channel width and/or a thresh-
old voltage of the first sleep transistor M7 or the second sleep
transistor M8, based at least in part on the above-determined
values of the virtual supply voltage 17 and/or the virtual
ground voltage 15. In some embodiments, the values of the
virtual supply and virtual ground voltages can be dynamically
modified during device operation.

Example results of simulations performed on a PG-gated
SRAM cell are shown in FIGS. 7a and 75. FIG. 7a shows the
cell leakage current savings for a PG-gated cell compared to
a G-gated cell for different values of the voltage difference
AV and for different sizes of technology nodes (130 nm, 90
nm, and 65 nm). FIG. 76 shows the cell leakage current
reduction of a PG-gated cell compared to a P-gated cell for
different values of the voltage difference AV and for different
sizes of technology nodes.

FIGS. 8a and 85 show an example leakage current reduc-
tion of a PG-gated cell compared to G-gated and P-gated
cells, respectively, for different values of the voltage differ-
ence AV in different technology nodes when the efficiencies
of voltage converters are considered. Notice that the same
voltage difference AV in each comparison (PG-gated versus
G-gated or P-gated) ensures that hold static noise margin is
the same. From FIGS. 8a and 85 one can see that despite the
overhead of DC-DC converters used to generate V; and V,
the efficiency of a PG-gated cell compared to P- and G-gated
cells is quite high, especially when the voltage difference
AV=0.5 which is greater than the data retention voltage.

Although the present invention has been described with
several embodiments, a myriad of changes, variations, alter-
ations, transformations, and modifications may be suggested
to one skilled in the art, and it is intended that the present
invention encompass such changes, variations, alterations,
transformations, and modifications as fall within the scope of
the appended claims.

What is claimed is:
1. A method of forming a memory cell, comprising
for a PG-gated memory cell comprising a first transistor
coupled between a supply voltage and a supply rail of the
cell, and a second transistor coupled between a ground
and a ground rail of the cell, wherein a virtual supply
voltage resides at the supply rail and a virtual ground
voltage resides at the ground rail;
establishing a value of a voltage difference between the
supply rail and the ground rail, wherein the voltage
difference is equal to a difference between the virtual
supply voltage and the virtual ground voltage;
determining values of the virtual supply voltage and the
virtual ground voltage such that a total leakage current
for the cell is minimized.
2. The method of claim 1, wherein the PG-gated memory
cell comprises a static random access memory cell.
3. The method of claim 1, wherein the first transistor com-
prises a PMOS transistor.
4. The method of claim 1, wherein the second transistor
comprises an NMOS transistor.
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5. The method of claim 1, wherein determining the values
of the virtual supply voltage and the virtual ground voltage
comprises:

applying a selected external voltage VP, which is different

from the supply voltage, to the supply rail; and
applying a selected external voltage VG, which is different
from the ground, to the ground rail;
wherein the external voltage VP and the external voltage VG
are selected to minimize leakage current in the memory cell.

6. The method of claim 5, further comprising dynamically
adjusting the value of at least one of the external voltages VP
and VG during operation of the memory cell.

7. The method of claim 1, further comprising determining
at least one of a channel width or length, a threshold voltage
or a gate oxide thickness of the first or the second transistor
based at least in part on the determined values of the virtual
supply voltage and/or the virtual ground voltage.

8. The method of claim 1, further comprising determining
each of a channel width or length, a threshold voltage and a
gate oxide thickness of the first transistor and the second
transistor based at least in part on the determined values of the
virtual supply voltage and the virtual ground voltage.

9. The method of claim 5, wherein at least one of the values
of the external voltages is generated by a DC-DC converter
and wherein the value of the at least one of the virtual supply
voltage and the virtual ground voltage is determined by con-
sidering an efficiency of the DC-DC converter.

10. The method of claim 1, wherein the values of the virtual
supply voltage and virtual ground voltage are at least partially
determined based on at least one of the values of random
intra-die variations of the transistor.

11. The method of claim 1, wherein the values of the virtual
supply voltage and virtual ground voltage are at least partially
determined according to a temperature or temperature varia-
tion of the memory cell.

12. The method of claim 1, wherein the values of the virtual
supply voltage and the virtual ground voltage are selected to
reduce the impact of process or temperature variation.

13. The method of claim 1, wherein the values of the virtual
supply voltage and the virtual ground voltage are selected to
minimize variation in the cell’s leakage current.

14. The method of claim 1, wherein the values of the virtual
supply voltage and the virtual ground voltage are selected by
considering a weighted function of the expected value and the
variance of leakage current of the cell in the presence of
temperature or process variations.

15. A method of forming a memory cell, comprising

coupling a first sleep transistor between a supply rail of a

memory cell and a node operable to accept a supply
voltage;
coupling a second sleep transistor between a ground rail of
the cell and a node operable to accept a ground; and

forming at least one of the first and the second sleep tran-
sistor to have a channel width or length, a threshold
voltage, or a gate oxide thickness selected to minimize a
total leakage current in the cell, wherein the threshold
voltage of at least one of the first and the second sleep
transistors is at least partially determined based on at
least one of the values of random intra-die variations of
the transistor.

16. The method of claim 15, wherein the cell comprises a
static random access memory cell.

17. The method of claim 15, wherein the first sleep tran-
sistor comprises a channel width or length, a threshold volt-
age, and a gate oxide thickness selected to minimize a total
leakage current in the cell, and wherein the second sleep
transistor comprises a channel width or length, a threshold
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voltage, and a gate oxide thickness selected to minimize a
total leakage current in the cell.

18. The method of claim 15, wherein the first sleep tran-
sistor comprises a PMOS transistor.

19. The method of claim 15, wherein the second sleep
transistor comprises an NMOS transistor.

20. The method of claim 15, wherein at least one of the first
and the second sleep transistors is controlled by an address
decoder.

21. The method of claim 15, wherein at least one of the
values of the supply voltage and the ground is generated by a
DC-DC converter and wherein the value of the at least one of
the virtual supply voltage and the virtual ground voltage is
determined by considering an efficiency of the DC-DC con-
verter.

22. The method of claim 15, wherein the values of the
virtual supply voltage and virtual ground voltage are at least
partially determined according to a temperature or tempera-
ture variation of the memory cell.

23. A PG-gated memory cell, comprising:

a first sleep transistor coupled between a supply rail of a
memory cell and a node operable to accept a supply
voltage;

a second sleep transistor coupled between a ground rail of
the cell and a node operable to accept a ground;

wherein the values of a virtual supply voltage and a virtual
ground voltage are selected such that a total leakage
current for the cell is minimized; and

wherein the threshold voltage of at least one of the first and
the second sleep transistors is at least partially deter-
mined based on at least one of the values of random
intra-die variations of the transistor.

24. The PG-gated memory cell of claim 23, wherein the

memory cell comprises a static random access memory cell.

25. The cell of claim 23, wherein the first sleep transistor
comprises a channel width or length, a threshold voltage, or a
gate oxide thickness selected to minimize a total leakage
current in the cell, and wherein the second sleep transistor
comprises a channel width or length, a threshold voltage, or a
gate oxide thickness selected to minimize a total leakage
current in the cell.

26. The cell of claim 23, wherein the first sleep transistor
comprises a PMOS transistor.

27. The cell of claim 23, wherein the second sleep transis-
tor comprises an NMOS transistor.

28. The cell of claim 23, wherein at least one of the first and
the second sleep transistor comprises a channel width or
length, a threshold voltage or a gate oxide thickness selected
to minimize a total leakage current in the cell.

29. The cell of claim 23, wherein:

a first external voltage VP, which is different from the
supply voltage, can be selectively applied to the supply
rail; and

a second external voltage VG, which is different from the
ground, can be selectively applied to the ground rail; and

wherein the external voltage VP and the external voltage
VG are selected to minimize leakage current in the
memory cell.

30. The cell of claim 29, wherein at least one of the external
voltages VP and VG can be dynamically adjusted during
operation of the memory cell.

31. The cell of claim 29, wherein at least one of the values
of the external voltages is generated by a DC-DC converter
and wherein the value of the at least one of the virtual supply
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voltage and the virtual ground voltage is determined by con-
sidering an efficiency of the DC-DC converter.

32. The cell of claim 23, wherein the values of the virtual
supply voltage and virtual ground voltage are at least partially
determined according to a temperature or temperature varia-
tion of the memory cell.

33. The cell of claim 23, wherein the values of the virtual
supply voltage and the virtual ground voltage are selected to
reduce the impact of process or temperature variation.

14

34. The cell of claim 23, wherein the values of the virtual
supply voltage and the virtual ground voltage are selected to
minimize variation in the cell’s leakage current.

35. The cell of claim 23, wherein the values of the virtual
supply voltage and the virtual ground voltage are selected by
considering a weighted function ofthe expected value and the
variance of leakage current of the cell in the presence of
temperature or process variations.
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